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►  In  situ  electropolymerization  of 
thiophene  in  the  conventional 
organic  electrolyte  improved 
Li3V2(P04)3  cathode  materials. 

►  The  cathode  materials  exhibited 
higher  reversible  capacity  and 
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►  The  addition  of  thiophene  improved 
the  deintercalation/intercalation  of 
the  third  Li+  ion  at  high  electrode 
potentials. 
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In  order  to  inhibit  the  decomposition  of  the  electrolytes  and  improve  the  performance  of  Li3V2(P04)3 
cathode  materials  at  high  potentials,  we  propose  a  conducting  polymer  coating  method  by  the  in  situ 
electropolymerization  of  thiophene  which  was  added  to  conventional  organic  electrolytes.  The  formation 
of  polythiophene  film  on  Li3V2(P04)3  surface  was  demonstrated  by  high-resolution  transmission  electron 
microscopy  and  X-ray  photoelectron  spectroscopy.  Polythiophene-coated  Li3V2(P04)3  cathode  materials 
exhibited  higher  reversible  charge/discharge  capacity  and  better  rate  performance.  Electrochemical 
impedance  spectroscopy  indicated  that  the  addition  of  thiophene  decreased  the  decomposition  of  the 
electrolytes  on  the  cathode  surface  and  improved  the  electronic  conductivity  of  Li3V2(P04)3,  allowing  Li+ 
ions  in  Li3V2(P04)3  to  deintercalate/intercalate  more  smoothly. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Though  Li  ion  batteries  are  the  most  popular  portable  power 
source  in  the  current  society,  their  energy  and  power  density 
cannot  satisfy  the  requirement  for  the  applications  in  electric 
vehicles  (EVs)  and  hybrid  EVs  (HEVs)  [1-4].  For  this  purpose, 
developing  cathode  materials  with  large  capacities  and  high 
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voltages  is  urgent.  Recently,  extensive  investigations  have  been 
taken  on  the  monoclinic  Li3V2(P04)3  [5-21],  which  can  extract/ 
insert  two  Li+  ions  when  cycled  between  3.0  V  and  4.3  V,  and  when 
charged  to  4.8  V,  the  third  Li+  ion  can  be  extracted,  exhibiting 
a  theoretical  capacity  of  197  mAh  g-1,  and  average  discharge 
voltage  of  3.8  V  [5,14,15].  Thus,  Li3V2(P04)3  can  achieve  higher 
energy  density  than  LiCo02  and  LiFeP04. 

However,  when  charged  to  4.8  V,  Li3V2(P04)3  encounters  severe 
problems:  conventional  electrolytes  composed  of  LiPFg  and  organic 
carbonate  solvents  are  oxidized  above  4.5  V  [22].  Moreover, 
transition-metal  cations  can  catalyze  the  oxidation  reaction  and 
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accelerate  the  decomposition  of  electrolytes  [23,24].  In  addition, 
the  complete  extraction  of  three  Li+  ions  will  lead  to  serious 
structural  transformation  [16].  Actually,  the  third  Li+  cannot  be 
extracted  smoothly  at  high  potentials,  leading  to  poor  charge 
capacity  and  cyclability.  Accordingly,  most  previous  reports  were 
based  on  the  extraction/insertion  of  two  Li+  ions  (charged  to  4.3  V), 
which  could  not  exert  the  potential  of  high  capacity  and  high 
energy  density  in  Li3V2(P04)3.  For  the  purpose  of  improving  the 
behaviour  of  Li3V2(PC>4)3  at  high  potentials,  two  strategies  should 
be  considered:  the  inhibition  of  electrolyte  decomposition  and  the 
improvement  of  intrinsic  electrochemistry  of  Li3V2(P04)3.  This 
work  mainly  focused  on  the  inhibition  of  the  electrolyte 
decomposition. 

Surface  coating  could  prevent  the  direct  contact  of  the  electro¬ 
lytes  and  the  cathode  surface,  and  then  the  decomposition  of  the 
electrolytes  eletrocatalyzed  by  transition  metals  will  be  decreased. 
Carbon  coating  proves  an  effective  way  for  such  purpose  in  poly- 
oxyanionic  materials  [25—30].  However,  the  additional  excessive 
carbon  coating  would  increase  the  production  cost  and  decrease 
the  tap  density  of  active  materials.  It  has  been  reported  that  con¬ 
ducting  polymers  can  improve  the  performance  of  LiCo02  [31  ], 
LiFeP04  [32,33],  and  other  cathode  materials  [34,35];  several 
coating  methods  have  been  employed,  including  electrochemical 
deposition  on  cathode  particles  [36],  chemical  oxidative  polymer¬ 
ization  [37],  and  microwave-solvothermal  approach  [38].  Appar¬ 
ently,  the  synthetic  routes  are  complicated  and  difficult  for  large- 
scale  production. 

Here  we  propose  a  simple  and  effective  method  to  coat 
Li3V2(P04)3  with  conducting  polymers  by  adding  appropriate 
amount  of  thiophene  (TPN)  to  conventional  organic  electrolytes. 
Thiophene  can  be  electrochemically  polymerized  to  polythiophene 
(PTh)  [39,40]  at  the  potential  of  ~4.4  V  vs.  Li/Li+  [41],  which  is 
lower  than  the  decomposition  potential  of  the  electrolyte  compo¬ 
sitions.  Also,  it  has  been  reported  that  vinylene  carbonate  (VC) 
could  be  polymerized  at  high  potentials  on  the  cathode  surface,  and 
the  performance  of  the  cathodes  was  accordingly  improved  by 
decreasing  the  decomposition  of  electrolytes  [42,43].  However,  the 
formation  of  PTh  film  can  not  only  suppress  the  decomposition  of 
electrolytes,  but  also  improve  the  electrical  conductivity  of 
Li3V2(P04)3  significantly,  since  PTh  possesses  conjugated  iz  network 
and  demonstrates  excellent  electrical  conductivity  for  Li3V2(P04)3 
cathodes. 

2.  Experimental 

2.1.  Material  preparation 

Li3V2(P04)3  was  synthesized  by  adopting  V2Os,  oxalic  acid, 
Li2C03  and  NH4H2P04  as  starting  materials.  A  stoichiometric 


mixture  of  V2Os  and  oxalic  acid  was  dissolved  in  deionized  water 
with  magnetic  agitation  at  70  °C.  Li2C03  and  NH4H2P04  in  the 
stoichiometric  ratio  were  added  to  the  solution  and  stirred  at  70  °C 
to  remove  the  excess  water.  After  a  blue  gel  formed,  the  gel 
precursor  was  dried  at  100  °C  in  air.  The  precursor  was  heated  at 
350  °C  for  4  h  in  flowing  argon.  The  mixture  was  ground,  pressed 
into  pellets  and  heated  at  750  °C  for  4  h  in  flowing  argon. 

2.2.  Material  characterization 

The  phase  of  the  sample  was  confirmed  with  X-ray  diffraction 
(XRD,  D/MAX  III  diffractometer  with  Cu  Ka  radiation).  Surface 
analysis  of  the  cathodes  was  taken  after  the  cells  completed  40 
charge/discharge  cycles.  The  cathode  films  of  the  cells  were  taken 
out  and  washed  with  anhydrous  ethanol  for  three  times  and  dried 
at  100  °C  for  24  h  in  vacuum  to  remove  the  residual  electrolytes. 
The  morphology  of  the  cathodes  was  characterized  by  high- 
resolution  transmission  electron  microscope  (HRTEM,  FEI  Tecnai 
G2  F20).  The  content  of  carbon  was  determined  with  thermog¬ 
ravimetry  and  differential  thermal  analysis  (TG-DTA,  Rigaku  PTC- 
10A).  Surface  element  analysis  was  performed  by  X-ray  photo¬ 
electron  spectroscopy  (XPS,  Axis  Ultra  DLD,  Kratos  Analytical  Ltd.). 

2.3.  Preparation  of  electrolytes 

The  standard  electrolyte  was  1  M  LiPF6  dissolved  in  a  mixture  of 
ethylene  carbonate  (EC),  ethyl  methyl  carbonate  (EMC)  and 
dimethyl  carbonate  (DMC)  (1:1:1  by  volume).  The  optimized 
electrolyte  was  prepared  by  mixing  the  standard  electrolyte  with 
0.1  wt.%  thiophene  and  stirring  for  24  h  in  an  argon-filled  glove  box. 

2.4.  Electrochemical  tests 

The  electrochemical  window  of  the  electrolytes  was  measured 
by  linear  sweep  voltammetry  (LSV)  at  a  scan  rate  of  1  mV  s_1  in 
a  three-electrode  system  with  a  platinum  foil  as  the  working 
electrode,  and  two  lithium  foils  as  counter  and  reference  electrodes 
on  a  CHI600  electrochemical  analyzer  (Shanghai  Chenhua,  China). 
The  Li3V2(P04)3  electrodes  were  prepared  with  Li3V2(P04)3,  acety¬ 
lene  black,  and  polytetrafluoroethylene  (PTFE)  binder  with  a  weight 
ratio  of  85:10:5.  Test  cells  of  Li3V2(P04)3/electrolyte/lithium  with 
different  electrolytes  were  assembled  in  an  argon-filled  glove  box. 
Galvanostatic  charge/discharge  tests  were  performed  on  a  Land 
CT2001  battery  tester  between  3.0  and  4.8  V  at  room  temperature. 
Cyclic  voltammograms  (CVs)  were  performed  on  a  Zahner-Elektrik 
IM6e  electrochemical  workstation  in  a  potential  range  of  3. 0-4.9  V 
at  a  scan  rate  of  0.1  mV  s-1.  Electrochemical  impedance  spectros¬ 
copy  (EIS)  was  also  recorded  on  the  electrochemical  workstation 
with  the  frequency  ranging  from  100  kHz  to  10  mHz. 
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Fig.  1.  LSV  curves  of  the  electrolytes  with  or  without  thiophene  (a)  and  the  image  of  the  electrode  in  the  electrolyte  with  thiophene  after  the  LSV  test  (b). 
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3.  Results  and  discussion 

The  electrolytes  showed  different  electrochemical  behaviours 
due  to  the  addition  of  thiophene.  As  disclosed  by  the  LSV  curves  in 
a  three-electrode  system  (Fig.  1(a)),  the  standard  electrolyte  is 
oxidized  at  4.5  V  vs.  Li/Li+.  After  the  addition  of  0.1  wt.%  thiophene, 
the  anodic  limiting  current  is  observed  at  4.4  V,  corresponding  to 
the  electrochemical  polymerization  of  thiophene.  From  the  picture 
of  the  three-electrode  system  in  the  thiophene-containing  elec¬ 
trolyte  after  the  LSV  test  (Fig.  1(b)),  we  can  see  that  a  black  film  was 
deposited  on  the  platinum  working  electrode,  which  is  consistent 
with  the  previous  reports  [44,45]. 


Li3V2(P04)3  was  prepared  through  a  conventional  route  [9],  and 
the  XRD  patterns  are  shown  in  Fig.  2(a).  All  the  diffraction  peaks  are 
indexed  as  a  monoclinic  Li3V2(P04)3  phase  with  the  space  group  of 
P2i/n  (JCPDS#01 -072-7074).  There  is  no  residual  carbon  in  the  final 
Li3V2(P04)3  sample  according  to  the  TG/DTA  curves  (see  Fig.  2(b)). 
The  Li3V2(P04)3  cathodes  were  tested  in  the  electrolytes  with  and 
without  thiophene  addition.  The  FIRTEM  images  of  the  cycled 
cathodes  are  shown  in  Fig.  3.  The  surface  of  the  cycled  cathodes  in 
the  standard  electrolyte  has  irregular  interphase  film  of  ~  1  nm  due 
to  the  decomposition  of  the  electrolyte,  which  is  not  thick  enough 
to  prevent  the  contact  of  the  electrolyte  and  the  cathode  surface. 
While  a  uniform  coating  film  of  about  5-8  nm  is  observed  on  the 
surface  of  the  cathodes  cycled  in  the  thiophene-containing 
electrolyte. 

The  XPS  results  of  the  fresh  and  cycled  cathode  films  in  the 
electrolytes  with  or  without  thiophene  are  shown  in  Fig.  4. 
According  to  the  Cis  spectra,  two  peaks  at  292.4  eV  (C-F)  and 
284.8  eV  (C— C)  are  observed  from  the  fresh  cathodes,  which  belong 
to  PTFE  and  acetylene  black,  respectively.  After  cycling  in  the 
standard  electrolyte,  two  new  peaks  (290  eV  for  C=0  and  286  eV 
for  C-O)  appear  due  to  the  interphase  film,  which  is  generated  from 
the  decomposition  of  carbonate  electrolytes  on  the  cathode  surface. 
A  peak  for  C-S  bonds  at  287.8  eV  is  observed  on  the  cathodes  cycled 
in  the  thiophene-containing  electrolyte,  indicating  the  presence  of 
PTh  on  the  surface  of  Li3V2(P04)3  cathodes.  A  single  peak  for  PTFE 
(689.6  eV)  is  observed  from  the  Fis  spectra  of  all  the  samples.  The 
peak  of  LiF  (688  eV)  is  due  to  the  decomposition  of  the  electrolyte. 
From  the  S2P  spectra,  only  the  cathodes  cycled  in  the  thiophene- 
containing  electrolyte  possess  a  peak  at  164.8  eV  (C-S),  which  is 
in  agreement  with  the  Cis  spectra.  From  the  surface  concentration 
of  the  elements  (Table  1 ),  we  can  see  that  the  cycled  cathodes  both 
have  lower  F  and  V  content  because  of  the  surface  film  on  the 
cathode  surface.  Moreover,  due  to  the  generation  of  PTh  film  on  the 
surface,  the  cathodes  cycled  in  the  thiophene-containing  electro¬ 
lyte  have  the  lowest  content  of  F  and  V.  In  addition,  the  S  content  is 
consistent  with  the  S2P  spectra  (Fig.  4),  sufficiently  demonstrating 
the  presence  of  PTh  film. 

In  the  thiophene-containing  electrolyte,  the  electrochemical 
performance  of  Li3V2(P04)3  was  significantly  improved,  disclosed 
by  various  electrochemical  measurements.  The  initial  galvanostatic 
discharge/charge  curves  of  Li/Li3V2(P04)3  test  cells  with  different 
electrolytes  are  shown  in  Fig.  5(a),  at  a  current  density  of  0.1  C 
(19.7  mA  g_1).  The  four  charge  plateaus  around  3.6,  3.7,  4.1  and 
4.5  V  correspond  to  the  deintercalation  of  0.5,  1,  2,  and  3  Li+, 
respectively.  Three  discharge  plateaus  around  4.0,  3.6  and  3.5  V  are 
clearly  observed  in  the  differential  capacity  dQJdV  (Q,  capacity;  V , 


Fig.  3.  HRTEM  images  of  the  cycled  cathodes  in  the  electrolyte  without  (a),  or  with  (b)  thiophene. 
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Fig.  4.  XPS  analysis  of  fresh  and  cycled  cathodes  in  the  electrolyte  with  or  without  thiophene. 
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Fig.  5.  Initial  galvanostatic  discharge/charge  curves  of  Li/Li3V2(P04)3  test  cells  with  different  electrolytes.  Inset  is  the  differential  capacity  dQJdV  plot  (a).  Discharge  curves  of 
Li3V2(P04)3  in  the  thiophene-containing  electrolytes  at  different  rates  (b).  Cyclic  performance  of  Li3V2(P04)3  cathodes  in  the  different  electrolytes  at  0.1  C  (c).  Cyclic  performance  of 
Li3V2(P04)3  cathodes  in  the  thiophene-containing  electrolyte  at  5  C  (d). 
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Table  1 

Surface  concentration  (wt.%)  of  the  elements  in  Li3V2(P04)3  cathode  films. 


C 

O 

F 

P 

V 

S 

Fresh  cathode 

35.04 

21.31 

29.27 

7.69 

6.69 

0.00 

Without  TPN 

34.80 

23.45 

27.33 

8.52 

5.90 

0.00 

With  TPN 

29.82 

32.48 

20.96 

11.91 

4.55 

0.27 

Fig.  6.  Coulombic  efficiency  of  Li3V2(P04)3  cathodes  in  the  different  electrolytes  at  0.1  C. 

voltage)  plots  (see  the  inset  of  Fig.  5(a)).  Compared  with  the  stan¬ 
dard  electrolyte,  the  cells  with  the  electrolyte  containing  0.1  wt.% 
thiophene  presented  almost  the  same  charge  capacity 
(  —  130  mAh  g_1)  below  4.4  V,  which  approaches  the  theoretical 
capacity  of  the  deintercalation  of  two  Li+  ions  in  Li3V2(P04)3 
(133  mAh  g-1).  However,  the  charge  capacity  at  the  charge  plateau 
around  4.5  V  is  discriminative.  After  the  addition  of  thiophene,  the 
charge  capacity  exceeds  the  theoretical  capacity  of  deintercalating 
three  Li+  ions  in  Li3V2(P04)3  (197  mAh  g-1),  which  is  mainly 
attributed  to  the  electrochemical  polymerization  of  thiophene.  The 
higher  discharge  capacity  indicates  that  more  Li+  ions  are  involved 
in  the  electrochemical  reactions  of  the  cathode  material.  The 
voltage  drop  between  charge  and  discharge  profiles  also  decreases 
obviously  in  the  cells  with  the  thiophene-containing  electrolyte, 
indicating  the  decrease  of  polarization. 

The  discharge  capacities  of  Li3V2(P04)3  in  the  electrolytes  with 
or  without  thiophene  are  176.1  and  132.8  mAh  g-1,  respectively. 
When  the  rates  are  0.5  C,  1  C,  2  C,  and  5  C  (Fig.  5(b)),  the  first 
discharge  capacities  are  158.3,  144.4,  143.9,  and  141.3  mAh  g_1, 
respectively.  Even  at  the  high  rate  of  10  C,  the  capacity  can  still 
reach  110  mAh  g-1.  After  40  cycles  at  0.1  C,  the  discharge  capacity  is 
134  and  82.1  mAh  g_1,  respectively  (Fig.  5(c)).  When  cycled  at  5  C  in 
the  thiophene-containing  electrolyte,  the  capacity  retention  is 
81.7%  after  40  cycles  (Fig.  5(d)),  demonstrating  excellent  cyclic 
stability.  Low  coulombic  efficiencies  of  the  initial  three  cycles  in  the 
cells  with  thiophene  addition  result  from  the  irreversible 


Table  2 

Potential  differences  between  the  anodic  and  cathodic  peaks  of  Li3V2(P04)3  with 
different  electrolytes. 


Eoi  ~  £ri  (V) 

E02  -  £r2  (V) 

E03  -  Er3  (V) 

EC/EMC/DMC 

0.172 

0.632 

0.890 

EC/EMC/DMC  +  TPN 

0.149 

0.601 

0.825 

electrochemical  polymerization  of  thiophene  (Fig.  6).  After  the 
initial  cycles,  the  coulombic  efficiencies  increase  to  98.5%.  The  PTh 
film  reduces  the  decomposition  of  electrolyte  on  the  surface  of 
Li3V2(P04)3  cathodes.  Moreover,  the  PTh  film  increases  the  elec¬ 
trical  conductivity  of  Li3V2(P04)3  cathodes,  and  decreases  the 
ohmic  polarization.  Therefore,  PTh-coated  Li3V2(P04)3  cathodes 
demonstrate  higher  discharge  capacity  and  better  cyclability. 

From  the  CV  curves  in  Fig.  7(a),  four  anodic  peaks  and  three 
cathodic  peaks  are  observed,  although  the  two  cathodic  peaks 
around  3.5  V  are  difficult  to  be  distinguished  because  of  the 
structural  characteristics  of  Li3V2(P04)3.  After  the  coating  of  PTh, 
higher  peak  current  density  appears,  indicating  higher  electro¬ 
chemical  reaction  activity  of  the  cathodes.  The  peak  of  the  elec¬ 
tropolymerization  of  thiophene  is  overlapped  with  the  peak  of  the 
deintercalation  of  the  third  Li+  (start  at  -4.4  V).  The  potential 
differences  between  the  anodic  and  the  corresponding  cathodic 
peaks  are  compared  in  Table  2.  The  smaller  potential  differences 
demonstrate  the  better  electrochemical  reversibility  due  to  the  PTh 
coating.  Fig.  7(b)  shows  the  CV  curves  of  Li3V2(P04)3  electrodes  in 
the  electrolyte  with  thiophene  for  the  initial  3  cycles.  The  potential 
differences  decrease  after  the  first  cycle  and  remain  stable. 

Fig.  8  shows  the  Nyquist  plots  of  Li3V2(P04)3  electrodes  cycled  in 
different  electrolytes  and  measured  before  cycling  and  after  40 
cycles.  In  a  Nyquist  plot,  the  semicircle  in  high  frequency  corre¬ 
sponds  to  the  resistance  of  the  interphase  film,  the  semicircle  in 
medium  frequency  represents  the  charge  transfer  impedance,  and 
the  inclined  line  in  the  low  frequency  is  attributed  to  the  diffusion 
of  Li+.  Before  the  first  cycle,  both  the  cells  exhibit  similar  size  of 
semicircle,  illustrating  similar  charge  transfer  impedance.  However, 
after  40  cycles,  the  semicircles  in  high  frequency  are  emerged, 
illustrating  the  generation  of  the  interphase  film  on  Li3V2(P04)3 
cathodes.  Compared  with  the  pure  Li3V2(P04)3  cathodes,  the  PTh- 
coated  Li3V2(P04)3  cathodes  show  lower  charge  transfer  imped¬ 
ance  and  interphase  resistance.  The  EIS  results  indicate  that  the  PTh 
film  not  only  prevents  the  excessive  oxidative  decomposition  of  the 
electrolyte  composition  on  the  cathode  surface,  decreasing  the 
impedance  of  interphase  films,  but  also  improves  the  electrical 
conductivity  of  Li3V2(P04)3  cathodes  and  decreases  the  charge 
transfer  impedance. 

Note  that  the  phase  transition  and  low  ion  diffusion  of 
Li3V2(P04)3  are  other  major  reasons  for  its  poor  electrochemical 


Fig.  7.  CV  curves  of  Li3V2(P04)3  in  different  electrolytes  (a).  CV  curves  of  Li3V2(P04)3  electrodes  in  the  thiophene-containing  electrolyte  for  the  initial  3  cycles  (b). 
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Fig.  8.  Nyquist  plots  of  Li3V2(P04)3  electrodes  cycled  in  different  electrolytes  and  measured  before  cycling  (a)  and  after  40  cycles  (b)  at  the  potential  of  3.0  V. 


performance  at  high  potentials.  In  this  work,  we  only  considered  to 
inhibit  the  decomposition  of  the  electrolytes  on  the  cathode  surface 
at  high  potentials;  naturally,  efforts  are  also  necessary  to  improve 
the  intrinsic  electrochemistry  of  Li3V2(P04)3  to  maximize  its 
potentials  as  high-voltage  cathode  materials  for  Li  ion  batteries. 

4.  Conclusion 

In  summary,  in  order  to  decrease  the  decomposition  of  the 
electrolytes  and  improve  the  performance  of  cathode 

materials  at  high  potentials,  we  proposed  a  simple  and  effective 
method  of  adopting  thiophene-containing  electrolytes.  Thiophene 
can  be  in  situ  electrochemically  polymerized  into  PTh  film  to 
passivate  the  cathode  surface,  and  to  decrease  the  catalytic 
decomposition  of  the  electrolytes.  Moreover,  the  PTh  film 
improved  the  electrical  conductivity  of  L^V^PO^,  and  decreased 
the  ohmic  polarization.  Therefore,  more  Li+  ions  in  Li3V2(P04)3 
could  deintercalate/intercalate  with  less  side  reactions  at  high 
potentials,  resulting  in  higher  reversible  charge/discharge  capac¬ 
ities,  better  rate  performance,  and  longer  cyclability.  This  method  is 
cheap  and  easy  for  industrial  production  and  can  also  be  employed 
to  other  high-voltage  cathode  materials.  Besides,  the  coating 
process  is  performed  after  the  synthesis  of  cathode  materials; 
therefore,  lower  tap  density  by  the  excessive  coating  of  carbon  or 
other  materials  can  be  avoided,  and  higher  energy  density  can  be 
expected  compared  with  other  coating  methods. 
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